Cut-off low pressure systems (COLs) are defined as closed lows in the upper troposphere that have become completely detached from the main westerly current. These slow-moving systems often affect the weather conditions at the earth's surface and also work as a mechanism of mass transfer between the stratosphere and the troposphere, playing a significant role in the net flow of tropospheric ozone. In the first part of this work we provide a comprehensive summary of results obtained in previous studies of COLs. Following this, we present three long-term climatologies of COLs. The first two climatologies are based on the conceptual model of a COL, using European Centre for Medium-range Weather Forecasts (ECMWF) analyses (1958-2002) and National Centers for Environmental Prediction-National Center for Atmospheric Research (1948-2006) reanalysis data sets. The third climatology uses a different method of detection, which is based on using potential vorticity as the physical parameter of diagnosis. This approach was applied only to the ECMWF reanalysis data. The final part of the paper is devoted to comparing results obtained by these different climatologies in terms of areas of preferential occurrence, life span, and seasonal cycle. Despite some key differences, the three climatologies agree in terms of the main areas of COL occurrence, namely (1) southwestern Europe, (2) the eastern north Pacific coast, and (3) the north China-Siberian region. However, it is also shown that the detection of these areas of main COL occurrence, as obtained using the potential vorticity approach, depends on the level of isentropic analysis used.
Introduction
A cut-off low pressure system (COL) corresponds to a closed low in the upper troposphere that has become completely detached ("cut off ") from the basic westerly current in the jet stream 1, 2 and which is usually advected toward the equatorial side of the mid-latitude westerlies. 3 A COL usu-ally starts its life cycle as a trough in the middle and upper troposphere (Fig. 1) . Traditionally, COLs have been recognized as depressions mostly located in mid latitudes, which are characterized by closed geopotential contours in isobaric maps (with a cold core, Fig. 2 ) that have more or less concentric isotherms around the central core. 1 Because the jet stream corresponds to the boundary between two very different air masses, the air mass trapped within a COL maintains its polar characteristics (i.e., it is colder than the surrounding air). Its intensity is highest in the upper troposphere and the magnitude of the associated cyclonic circulation decreases toward the earth's surface, being even possible to find anticyclonic circulation at the surface. 4 COLs can also be recognized as maxima of potential vorticity (PV) on isentropic surfaces. 5, 6 It is well known that bands of strong PV gradients coincide with the jet streams and act as wave guides for Rossby wave propagation. 7 Rossby wave breaking in the upper troposphere (near the tropopause) can lead to pronounced excursions of stratospheric air southward and, eventually, to the formation of COLs. 8 The genesis of these systems in mid latitudes can be seen as the displacement of a region of high PV from its polar reservoir, leading to the detachment of a discrete cut-off area. PV may, therefore, be regarded as another useful quantity for the identification of cut-off lows (Fig. 3) .
Irrespective of the method of identification, COLs can be associated with intense stratosphere-troposphere exchange (STE) (Refs. 8-11 and references therein). In fact, STE associated with COLs has been recognized as being responsible, at least to a certain extent, for the appearance of anomalously high values of tropospheric ozone in northern mid latitudes 12, 13 and subtropical areas. 14, 15 In COLs, the tropopause is anomalously low and might be characterized by steep structures and folds. It is proposed that STE in these systems occurs mainly from condensational or radiative erosion of the tropopause (e.g., Refs. 16, 17) . In addition, turbulent three-dimensional mixing near the jet stream associated with the COL and tropopause folding along the system 5,18 can be considered as another possible mechanism leading to STE. Separation of air from the general flow into a COL is typically associated with an intense STE, 19 and, during the later phase of a COL life cycle, filamentation of the outer layers 20 can be responsible for additional very effective STE.
Once COLs are disconnected from the environmental zonal flow, the jet stream no longer controls the motion of the isolated system and its motion becomes more erratic and difficult to predict. The COL may remain stationary and spin for days or, on other occasions, it may move westward in the opposite direction to the prevailing flow (i.e., retrogression). The movement of a COL is usually slow, and it remains over a region until it reconnects with the polar reservoir or until it weakens and eventually dissipates. These systems are, therefore, capable of considerably affecting weather conditions at the earth's surface, for periods of several days at a time (Ref. 2 and references therein).
As a general rule, the troposphere below the COL is unstable and severe convective events can occur, depending on surface conditions. However, COLs produce significant precipitation only when the air mass below the COL is significantly moist and becomes potentially unstable. 21 This instability occurs quite frequently below COLs in the southern mid latitudes (i.e., near [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] • N), and convective events can occur, sometimes severely, in the affected areas.
Because of their erratic movement, their self development and occasionally their dissipative characteristics, and the thermodynamic instability frequently associated with these features, weather forecasting for systems that are affected by COLs is particularly difficult. COLs are associated with many substantial forecasting problems, mainly from the different characteristics of the underlying terrain and to the presence/absence of a warm ocean that permits/inhibits convection. 21 Thus, prediction of the distribution of precipitation associated with COLs presents a considerable challenge, especially when the precipitation is from enhanced convection over a warm sea. When moisture is available, COLs can trigger multiple bands of clouds, and these can bring moderate to heavy rainfall over large areas. In particular, they are among the most severe weather systems that affect southern Europe and northern Africa and are responsible for some of the most catastrophic weather events in terms of precipitation rate. [22] [23] [24] [25] The main objectives of this paper are twofold: (1) to provide a review of the COL concept and its relevance for weather and climate in several regions and (2) to present an update of two, more recent, comprehensive, hemispheric climatologies of COLs. 6, 26 The remainder of the paper is organized as follows. Section 2 defines the synoptic conceptual model of COLs and their physical parameters. In Section 3, a review of previous climatologies using subjective and objective methods is presented. In Section 4, we present updated COL data sets for National Centers for Environmental Prediction-National Center for Atmospheric Research (NCAR-NCEP) and ERA-40 reanalyses, using the objective method of Nieto et al., 26 and for ERA-40 reanalyses, using the method of Wernli and Sprenger. 6 In Section 5, we present a comparison of these climatologies and our conclusions.
Conceptual Model of a Cut-off Low
A conceptual model is a visual representation of the essential features of a meteorological phenomenon, including the principal processes that are associated with it. A complete conceptual model provides: (a) a definition of the phenomenon in terms of features recognizable by observations, analysis, or validated simulations; (b) a description of its life cycle in terms of its appearance, size, intensity, and accompanying weather patterns; (c) a statement of the controlling physical processes, which enables an understanding of the factors that determine the mode and rate of evolution of the phenomenon; (d) a specification of the key meteorological fields that demonstrate the main processes; and (e) guidance for predicted meteorological conditions or situations using the diagnostic and prognostic fields that best discriminate between development or nondevelopment, in addition to guidance that may be used for predicting displacement and evolution. 2 Conceptual models are useful because they provide meteorologists with a tool for both understanding and diagnosing observed phenomena. For both forecasters and modellers, they provide tools for diagnosing the output of numerical models and for identifying errors in numerical forecast models. 2 Some details of the meteorological properties of COLs can be found in the meteorological literature that describes case studies (e.g., Refs. 27, 28) The usual conceptual model of a COL 2 describes this system as a nonfrontal synopticscale phenomenon with a typical life cycle that is separated into four stages: upper-level trough, tear off, cut off, and final stage, as described below. This section also provides information about cloud structure during the different phases of the COL life cycle, the associated horizontal and vertical meteorological characteristics, and, finally, weather events associated with COLs.
Meteorological Background
The schematic COL life cycle in terms of its meteorological structure is shown in Figure 4 , with Figure 5 showing the evolution of a real COL during January 1998 over central Europe. These two figures provide an insight into the four stages of the COL life cycle:
(1) The upper-level trough: An essential condition for COL development is the existence of an amplifying synoptic-scale wave in the upper layers of the troposphere. The temperature wave situated behind the geopotential wave advects substantial amounts of cold air into the upper-level trough and warm air to the ridge. It is also a requirement that the vertical axis of the trough tilts backward with elevation ( Fig. 6 ). If these conditions occur simultaneously, the geopotential and temperature waves are amplified. Typically, this amplification is also accompanied by a decrease of the zonal wavelength. The isohypses and isotherms show a shift toward the equator, which leads to a deepening of the trough. (2) The tear-off stage: In this stage, the shape of the geopotential contour assumes an inverted omega form. The increase in the amplitude of the waves continues, the trough deepens, and it starts to detach from the meridional stream. The cold air streaming toward the equator is cut off from the general polar flow, and the warm air flowing toward the pole is cut off from the general subtropical flow. At the end of this process, a cold-core, upper-level, low-pressure system is formed within the southern part of the trough. when the tear-off process is finished and the upper-level low becomes more pronounced. The wind field at the uppermost tropospheric levels acquires a well-developed closed circulation, often completely cut off from the general zonal flow. This circulation is strongest near 200 hPa but typically penetrates down to the mid troposphere (500 hPa) and, in some cases, even to the earth's surface. The maintenance of the COL, and therefore its life span, depends on various factors, in particular on thermodynamic stability below the COL. (4) The final stage: The main factor leading to the dissolution of a COL is convection. If the thermodynamic stability below the COL is sufficiently reduced, convection and associated cloud diabatic effects can lead to a decay of the COL (and strong associated STE as described in Section 1) within a few days. This effect is more efficient over warm surfaces (and in the presence of a significant vertical temperature gradient), while over cold surfaces the COL will not dissolve until it is either caught by the main stream and merges with a large upper-level trough in the main zonal flow or it drifts over a warm surface. About 15% of COLs are caught by the main flow. 2 A COL typically lasts for about 2-5 days before being destroyed by diabatic heating.
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Cloudiness Structure
COLs have a very well-defined complex cloud structure and are easily detected in satellite imagery on different channels: infrared (IR), visible (VIS), and water vapor (WV). The degree of cloud cover in COLs depends greatly on the stage of its life cycle, but a higher percentage of cloud cover is always present in the frontal zone because of higher concentrations of high clouds and deep convective clouds. The frontal zone is also characterized as being more active, with cloud-top temperatures of high-and deepconvective cloud lower than in the zone behind it. 30 A schematic of each cloudiness stage of the COL life cycle is shown in Figure 7 for the IR and WV channels. 2 In Figure 8 , images from the WV Meteosat channel show another real COL event. They are described for the four stages of the life cycle 2, 30 : COL is possible because of reduced stratification beneath the COL. High and deep convection clouds appear in the center of the COL, although with differing intensity and structure depending on whether the COL is continental or oceanic. Over land the convective cells are detected as being embedded in a continuous mantle of lower cloud, while over relatively warm ocean waters the core convection is very intense and the cells appear isolated. A general characteristic throughout the entire life span of a COL is that in the frontal zone the percentage of very bright IR pixels is higher than in the rearward zone (70% versus 30%), because of the contribution of cloudiness associated with convective systems. This feature is particularly evident for the first stage over the northern part of the frontal cloud band. Moreover, the difference between the rearward and frontal zones seems to be accentuated for COLs during the cold season.
Horizontal Physical Parameters
The meteorological characteristics discussed so far are also associated with some of the principal parameters in horizontal charts, for example, the geopotential field at multiple levels (from the earth surface to the upper troposphere), the equivalent thickness, the thermal front parameter (TFP), and the potential vorticity (PV). These are each considered in turn.
(i) It is useful to consider three geopotential heights in relation to the structure of COLs, namely 200, 500, and 1000 hPa. As previously mentioned, during the initial stage the absolute topography at 200 hPa shows an upper-level trough. Geopotential height contours at the 500 hPa level exhibit the same behavior. During the later stages of development, these contours tend to form an inverse omega shape that leads to a closed cyclonic circulation (Fig. 9) . However, at 1000 hPa, sometimes no distinct low-level features can be observed at all. The gradient of the geopotential height contours is generally weak at this level. Some weak cyclonic circulation may appear, initiated by the circulation from aloft, during the later phases of a COL. (ii) Equivalent thickness is the thickness of the atmospheric layer between two pressure surfaces and is often used to locate fronts. 31, 32 In a low, this feature is characterized by a thickness ridge in front of the low and a trough or a distinct minimum behind or in the center of the low. The equivalent thickness is given by:
), where g is the acceleration from gravity, R is the universal gas constant, T e is the layer mean equivalent temperature, P u is the pressure at the top of the layer, and P l is the pressure at the bottom of the layer. (iii) COLs are characterized by two baroclinic zones, one in front of the low, which is connected with a front-like cloud band, and another one behind the low, connected with a baroclinic boundary. 33 There is a clear relationship between the well-known basic definition of a front and the TFP. 34 The TFP is a scalar variable. At its maximum, it fixes the position of the cold front where the temperature begins to fall and the position of the warm front where the temperature stops rising. 35 The mathematical definition of the TFP is:
where T is the temperature of the analyzed level. The temperature used in the TFP can be taken at any level. The first term of the equation (−∇|∇T|) indicates the change of the temperature gradient and the second one (∇T/|∇T|) the projection in the direction of the temperature gradient. In other words, TPF is the change of temperature gradient in the direction of the temperature gradient. The typical fields of equivalent thickness and TFP in a cut-off low are shown in Figure 9 . (iv) It is instructive to view COLs in terms of PV on isentropic surfaces. 5 The cut-off process of cold polar air is manifested as a cut off of high-PV stratospheric air masses, and thus COLs can easily be identified as isolated features with stratospheric PV (PV> 2 PVU; 1 PVU = 10 −6 K kg −1 m 2 s −1 ) on isentropic surfaces. 6 COLs are associated with low tropopause height compared to the surrounding regions (i.e., the tropopause is generally lowest where the isentropic PV is maximum).
Vertical Structure
In order to have a complete description of the conceptual model of a COL, it is also necessary to describe its vertical structure. Vertical cross sections of (equivalent) potential temperature show cold air in or near the center of the COL and a ridging of the isentropes below the COL. In some cases, equivalent potential temperature even decreases with height in the lowest part of the troposphere, indicating thermodynamic instability. Relative vorticity shows a maximum that is coincident with the ridge structure of the isentropes. This vorticity maximum reflects the strong circulation around the center of the COL. Given that the air within a COL is colder than its surroundings, translations and rotation produce a distinct cold advection (CA) ahead of the COL and warm advection behind it. As noted above, the center of the COL is characterized by a PV maximum. Therefore, in a vertical cross section, higher values of PV are found within a COL than in its surroundings. Some of these parameters are shown in the vertical cross section in Figure 10 . Typically, the region with high positive PV values in the upper part of the COL is also characterized by (very) low water vapor content.
Weather Events
The occurrence of COLs is often connected with severe weather conditions. Convection is a key factor that determines the distribution of precipitation that is associated with a COL event. Generally, the frontal cloud band at the leading edge of a COL is thick enough to produce precipitation and, in some cases, frontal cloudiness at the rear edge. 2 In general, COLs produce significant precipitation only when they receive a significant transport of moisture at low and mid levels. In these cases, they become potentially unstable air masses. 21 Different rainfall patterns may be expected, depending on the type of terrain below the low system. When a COL occurs over land, its center is usually covered by a low cloud layer, suppressing the condition for convective precipitation. Over warm ocean regions, COLs can be associated with deep convection and intense precipitation. However, the generalized idea that most COLs produce intense convective rainfall has been shown to be misleading in some studies. 25, 36 The severity of the storm depends on surface conditions, particularly those related to moisture input. If the conditions are favorable, COLs can produce moderate to heavy rainfall over large areas. Studies over the Mediterranean region (where the occurrence of COLs is common 26 ), show that the peak intensity of cyclonic-related precipitation is located at 300-400 km from the COL center. 25, 37 Convective rainfall occurs within a radius of about 300 km of the COL center, with a pronounced peak close to the COL center that is displaced marginally eastward, in front of the COL. The region of convective precipitation coincides with an area of reduced stability and with the leading baroclinic area. 2, 4 At the same time, large-scale precipitation is distributed along the east-west axis that passes through the COL. In about 50% of cases, it is this precipitation that dominates. It has also been shown that nearly 25-30% of COLs (mainly during autumn) do not induce any type of rainfall 36 and only 25% are dominated by convection. The intensity of the COL can also influence the precipitation type. Shallow COLs tend to produce convective precipitation very close to the low core, with the probability of precipitation in these cases being relatively low. Moderate precipitation is more common in cases of deep COLs and when the COLs have a large vertical extension in terms of PV. The interaction of the medium-and highlevel flows of a COL with the orography and surrounding areas can be another important factor. The orography (changing from the sea surface to the coast and littoral mountains) alters the flow in lower layers, creating the conditions for the development and organization of convective systems.
Previous Analysis and Climatology of COLs
In recent years, COLs have been studied in some detail, the focus of attention being either the numerical modeling of case studies, [39] [40] [41] [42] [43] the impact of COLs on tropospheric ozone, [44] [45] [46] [47] [48] mesoscale analysis of the decay of a COL, 20, 49 or observations of the associated synoptic weather. 45, 50 Fewer climatological studies of COLs also exist that use a variety of methods to identify individual COLs, usually employing different time periods, and that have been developed to characterize limited geographical domains. The approaches also differ in the procedure used to identify the systems, with some of them using subjective analysis (e.g., Refs. 51,52) while others rely on the use of an objective (automated) analysis. These objective approaches can be based on the analysis of geopotential height on a pressure surface (e.g., Refs. 53-55), of PV data (e.g., Refs. 6, 14, 56), or on the physical parameters of the conceptual model of COL. 26 A review of previous climatologies using different methods is presented in the following section and in Table 1 .
Subjective Analysis
Price and Vaughan 51 and Kentarchos and Davies 52 (hereafter PV92 and KD98, respectively) developed similar subjective climatological analyses of COLs over the entire Northern Hemisphere. These subjective studies are • N (polar COLs). These authors suggested that the seasonal variations in latitudinal temperature gradients and temperature differences between continental and oceanic regions may be responsible for the seasonal cycle in the numbers and positions of COLs through seasonal variations in jet stream configuration. Concerning the duration of COLs, KD98 concluded that the majority of COLs lasted only 2-3 days with very few lasting more than 10 days. PV92 found that the duration ranged from 1-17 days, although most COLs were short lived (74% of COLs lasted 3 days or less with 41% of them lasting only 1 day). They also suggested that southern COLs have a shorter life span than northern ones, a result that was confirmed by KD98. Indeed, they determined a life span for their subtropical COLs of between 2 and 4 days, whereas their polar COLs lasted longer (most of them more than 5 days). Both studies concluded that, during their early stages, COLs are either quasistationary or move erratically. PV92 found that almost half of the systems moved considerably, and KD98 concluded that about 50% of the COLs that last more than 3 days move significant distances (>600 km) between the genesis and lysis stages. The COLs tended to move northward (or northeastward) as they began to decay in strength. Some interannual variability in the frequencies of occurrence was also found in KD98. However, the short period of the KD98 hampers any generalization of results.
Studies of COL climatology were also undertaken for parts of the Southern Hemisphere. In particular, a relatively long subjective analysis was undertaken for southern Australia, 57 using a 14-year (1983-1996) climatology of geopotential height. The study was carried out using 3-hourly 500 hPa synoptic charts from the Australian Bureau of Meteorology archives. The authors showed that the interannual variation of COLs was particularly large. They indicated that most COLs are discernible during winter (from May to October, with an average frequency of 9.3 days per month). These Australian COLs moved either southeastward (45%) or eastward (36%) and were concentrated in a region south of lat 30
• S. Some of the COLs moved very quickly, up to 10
• latitude in 24 h, and some moved slowly, about 2
• latitude during 1 day.
Objective Analysis
In order to develop an objective method of detecting cut-off lows, several conditions are required. 38 Any objective technique should be based on as few parameters and as little differentiation as possible and should make use of a number of grid points appropriate to the computer resources available. Furthermore, it should be intelligible in the sense that any differentiated quantities related to the initial fields should be readily apparent. It is important to develop objective approaches that yield reasonable agreement with manual analysis, although to try to reproduce subjective results precisely is pointless because manual analysis is not generally repeatable. Finally, it should be possible to apply any objective method easily to any gridded data set. A preliminary characterization of COLs in terms of their spatial and temporal distribution was provided by Parker et al. 53 and Bell et al., 54 who constructed a Northern Hemisphere (from around lat 20
• N through 70
• N) climatology of COLs using data at the 500 hPa geopotential level. Their analysis was based on data from the National Meteorological Center of the United States. The gridded data set had a resolution of 10
• × 10 • for Parker et al. 53 and 2
• latitude × 5
• longitude for Bell et al. 54 In each case, a given grid point was identified as a potential COL point if it was a geopotential minimum with respect to at least six of the eight surrounding grid points. Once this set of candidate COLs was identified, only grid points that showed a difference in the geopotential value of about 60 m in Parker et al. 53 and 30 m in Bell et al. 54 were retained. The authors made use of localized closed circulation centers for a 36-year period in the case of Parker et al. 53 and for a 15-year period (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) in the case of Bell et al. 54 In both cases, detached small cyclones at 500 hPa were found primarily at middle and high latitudes. The occurrence of COLs was found to be higher within the main belt of westerlies from northeast Asia to the Gulf of Alaska near lat 50
• N, and from eastern Canada/northeastern United States to southeast of Greenland and west of the United Kingdom. Their occurrence was also considerably higher throughout a band extending from the east-central Atlantic Ocean across southern Europe to the Caspian Sea and central Asia. The authors also detected a maximum along the southern branch of the jet stream extending from the eastern Pacific into the southwestern United States. Finally, both studies found considerable monthly, seasonal, and interannual variability. COLs declined from 1950 to 1970 but increased from 1971 to 1985. A strong seasonal cycle was also found, with a maximum incidence during summer months.
In recent years, updated COL climatologies for the Northern Hemisphere have been compiled for the period from 1953 to 1999 by Smith et al. 58 and Novak. 55 The method used in both of these analyses relied essentially on the algorithm developed by Parker et al. 53 and Bell et al. 54 These recent studies 55, 58 used twice-daily (0000 and 1200 UTC) 500 hPa gridded geopotential height from the NCEP-NCAR reanalysis. 59 One key objective of both studies was to provide greater precision for the northeastern United States, in particular for the warm season (from May to September). Favored COL areas for the cold season include the northern Pacific Ocean, the southwestern United States, north-central and eastern Canada, the North Atlantic around Greenland, and an eastwest belt stretching from the Straits of Gibraltar across northern Africa and the Mediterranean into the Turkish plateau. 58 Moreover, these studies have found that the COL distribution is orographically and synoptically dependent. Finally, the frequency of occurrence generally increases and shifts toward the equator with the onset of winter, with the strongest signals occurring with the approach of spring.
Recent work by Nieto et al. 26 provided the first multidecadal climatological study of COLs over the Northern Hemisphere (from lat 20
• N to 70
• N) for the period 1958-1998. This work was based on the NCEP-NCAR reanalysis 59 using a 2.5
• by 2.5
• resolution and daily geopotential height, zonal wind, and temperature at 200 and 300 hPa. COLs were identified using an objective method that was based on the three main physical characteristics of the conceptual model of COLs. 2, 26 The restrictive and consecutive conditions imposed were as follows: 1) a COL was characterized by a vortex (cyclonic circulation) surrounding a geopotential minimum at the 200 hPa level and was an isolated low from the westerly circulation (using horizontal wind); 2) the equivalent thickness was characterized by a thickness ridge on the eastern flank of the center; and 3) the baroclinicity and hence the TFP had higher values eastward of the central point. This objective analysis, using a very long data set, provided a more comprehensive assessment of the issues identified by other authors in previous studies. In fact, this work confirms and reinforces previous results, namely that the three preferred areas of COL occurrence in the Northern Hemisphere are located in a) southern Europe and along the eastern Atlantic coast, b) the eastern north Pacific, and c) north China to the Siberian region extending to the northwest Pacific coast. It also confirms that the European area is the most active region in the entire Northern Hemisphere. COLs are more frequent during summer (about 50% of the total) than during winter and at higher latitudes than at lower ones. A more exhaustive analysis of the areas of occurrence revealed a two-nuclei distribution in Europe in all seasons apart from winter, a summer displacement toward the ocean in the American region, and a summer extension to the continent in the Asian region. Furthermore, about 47% of COLs formed a surface low during their cycle and 73% correspond to maxima of PV. The life span of COLs was reconfirmed as being generally less than 3 days (very few last more than 5 days), and, in general, COLs last longer when they occur at higher latitudes. Less that 20% of COLs are stationary during their life cycle, with the majority being highly mobile. Based in part on the technique described previously, Porcú et al. 25 carried out a hybrid objective-subjective scheme to study the distribution of COLs for the decade 1992-2001 in the European area (lat 30
• W-45
• E and long 20
• -60
• N) restricted to the warm season (April to September). In this study, gridded data were obtained from reanalysis from the European Centre for Medium-range Weather Forecast (ECMWF) (ERA-40), 60 with the authors constructing a 6-hourly COL database on a 2.5
• × 2.5
• resolution grid. COLs were detected with the objective algorithm described above, and the results were then post processed manually. The relevant pressure fields were analyzed subjectively in order to assign the COL center to one grid point and to ensure that two or more consecutive synoptic times of detection corresponded to the same COL. The gaps were neglected if they exceeded 12 h. The database was used to extract the geographical distribution and duration of COLs. A vertical structure analysis was also performed, characterizing the COLs from the 200 hPa level down to the earth's surface. As a consequence, the COL depth was defined as the lowest level at which a local geopotential minimum was detected during the COL life cycle. The summer months were the most active (with a peak in June). A large number of events (41%) lasted less than 1 day and the number of detected COLs decreased monotonically with increasing life span. Geographically, the following pattern was determined: a local maximum was located over the western Iberian peninsula in the Atlantic, a second maximum toward the north of Spain/southern France, and a third one from the Ionian Sea to Anatolia and the Black Sea. Furthermore, by distinguishing between COLs with a life span more than 1 day (HCOL) and less than 1 day (LCOL), it was determined that while HCOLs are preferably located over the western Portugal coast, the distribution of LCOLs showed two lesser peaks, one over the Iberian peninsula and one over the western Black Sea. The results showed that about 60% of the detected COLs had an associated closed geopotential contour at surface level.
Objective methods have also been used to study spatial and seasonal distributions of COLs over the Southern Hemisphere. In particular, Fuenzalida et al. 61 studied the occurrence of COLs at 500 hPa using four-times-daily NCEP-NCAR reanalysis fields for the 31-year period from 1969 to 1999. They used a mixed method based on an objective detection of lows combined with a visual inspection. The region under analysis covered the entire Southern Hemisphere between lat 10
• and 60
• S. COLs tended to occur in a belt between lat 20
• to 50
• S with a maximum density at lat 38
• S and with a higher frequency around the three main continental areas and a lower frequency over the oceanic regions. Using three equally spaced sectors covering the whole Southern Hemisphere, the authors showed that only 10% of the COLs were found in the African sector, with 48% in the Australian sector and 42% in the South American sector. The COLs showed a strong seasonal cycle in South America and Africa (with a lower occurrence during summer), while in the Australian area they occurred fairly steadily throughout the year. The authors further noted that over South America, the dissipation of COLs was a more common feature than their generation, with the opposite behavior occurring over the Australian continent. Close to South America, a statistically significant increase in the number of COLs over time was observed at the 500 hPa level, with a higher frequency of COLs being generally observed after 1990. Typical life spans of COLs were found to be similar to those found for COLs in the Northern Hemisphere, with most COLs lasting for a short time; only 10% lasted longer than 5 days. The frequency distribution of intensity (maximum value of geopotential on each COL track) showed no geographical variation.
Using smaller areas, such as the subtropical coast of Chile 62 considered as a COL. The typical intense seasonal variability was found (ranging from two to 15 events), with the austral spring being the most frequent season. The second climatology was developed using an algorithm based on a COL conceptual model. 26 The selected domain extended from long 100
• W to 20
• W and from lat 15
• S to 50
• S. The highest frequency of occurrence was over the Pacific area (44%), followed by the Atlantic (30%) and continental areas (26%). COLs were more frequent in the austral autumn (in particular over the coast of Chile) and less frequent during summer. A shorter duration of COLs (2-3 days) was also detected, but over continental areas COLs were of longer duration.
The COL climatologies presented so far are essentially based on geopotential height. A different approach is also possible because COLs are characterized by an anomalous lower tropopause, which induces higher values of PV within the COL core. This feature was used to identify COLs over the northern Atlantic during the decade from 1989 to 1999 by Hernández 56 and Cuevas and Rodríguez.
14 Both studies used the operational ECMWF 12-hourly data at 315 K, 320 K, 325 K, and 330 K, with a horizontal resolution of 1.25
• × 1.25
• . The criterion used to locate COLs was the same for both studies, namely that a COL was defined as a closed contour on isentropic surfaces of 2 PVU, with an inner maximum of at least 4 PVU, and covering a minimum extension of 30
• × 30
• . The results obtained using this approach confirm that the highest frequency of COLs can be observed in the vicinities of the Iberian peninsula during all seasons, with two peaks of occurrence, one over southwestern Iberia and the other over southern Iberia (this maximum did not appear in Ref. 14) . The monthly occurrence was higher during the warm season, with June and July being the most active months, which was in agreement with the highest values of tropospheric ozone measurements indicating STE. Over southeastern Europe, two kinds of behavior were described concerning the movement of COLs, namely (1) that they were either quasistationary or (2) that they moved in a cyclonic sense with a mean gyre of 20
• in 12 h and a maximum movement of 8.75
• in longitude and 6.25
• in latitude in 12 h. As in previous climatologies, the interannual occurrence showed large variability, with an absolute maximum (minimum) taking place around 1993 (1998).
Finally, Wernli and Sprenger 6 presented a climatology of potential vorticity (PV) streamers and cut offs for the Northern Hemisphere defined on isentropes from 295 K to 360 K. Their analysis covered the period from 1979 to 1993 and was based on the shorter ERA-15 reanalysis data set from the ECMWF. In their case, COLs were identified as closed isolines of the two-PVU contour on the previously mentioned isentrope surfaces. One of their main findings relating to the spatial distribution of COL events revealed a pronounced zonal asymmetry and a clear change of frequency maxima with altitude. For instance, at 300 K and during winter, most COLs were found over the western side of Canada and Siberia (near lat 50
• N), whereas on higher isentropes the frequency maxima were shifted further to the south and were generally found at the downstream end of the North Atlantic and Pacific storm tracks. With respect to continental areas, the Mediterranean stands out as a region with a particularly high number of COL episodes. In addition to the pronounced geographical variability on specific isentropic surfaces, a distinct seasonal cycle can be discerned. This cycle is attributed mainly to the seasonal shift of the isentropic surfaces themselves. In fact, if the COL frequency is considered as a function of latitude, irrespective of the vertical altitude, a fairly robust pattern with almost no seasonal cycle emerges.
Common Results of Previous Climatologies
Taking into consideration all the studies summarized above for the Northern Hemisphere at extratropical latitudes, it can be seen that COLs are more frequent in summer than in winter and that they occur preferably near the major troughs of the large-scale circumpolar flow. Almost all the studies found commonly favored regions of occurrence, namely southern Europe and the eastern Atlantic coast, the eastern North Pacific, and the north China-Siberian region extending to the northwest Pacific coast, with Europe being the region of most common occurrence. Their duration is typically from 2-3 days with few lasting more than 5 days. Analyses of larger data sets of several years or more also found very large interannual variability in the occurrence of COLs at the annual and seasonal scales, although without any significant trends. Several major large-scale modes of variability in atmospheric circulation seem to have an impact on the occurrence of COLs. In particular, blocking events, the North Atlantic Oscillation (NAO), the El Niño-Southern Oscillation (ENSO), and the persistence of the stratospheric polar vortex may influence the occurrence of COLs. 3, 64 Despite the few (and only empirical) studies that look for the influence of these modes on COL occurrence, there are physical reasons that provide support for this relationship. Blocking events and COLs are both associated with the occurrence of important disruptions of the upper tropospheric jets as well as being associated with strong meridional components and even with the bifurcation of the jet and the appearance of double jets. 65, 66 Blocking events and COLs, therefore, tend to occur mainly during winter. The relationship of the NAO or ENSO with the intensity and zonality of the jet flow is well known. 67, 68 The negative (positive) ENSO and NAO phases are related to the appearance of weaker (stronger) jets and to a higher (lower) probability of COLs occurring. Furthermore, there are dynamic reasons for thinking that the occurrence of COLs could be influenced by the persistence of the stratospheric vortex (the quasisteady summerlike state after the decay of the vortex with strong weakening of the westerlies favors COL development, and the fact that remnants of the vortex survive as coherent PV structures for around 2 months for early breakup years 69, 70 ). As a consequence, COL events appear to be more frequent during the late spring and in summer months for those years characterized by an earlier vortex decay.
Climatologies Based upon the Conceptual Model and
Potential Vorticity
Data
Three climatologies of COLs were calculated using two reanalysis data sets, namely the ERA-40 and NCEP-NCAR. ERA-40 reanalyses 60 were produced by the ECMWF in the late 1990s, using a T106 model resolution with 60 vertical levels and the optimum interpolation data assimilation technique. The NCEP-NCAR reanalysis 59 is an intermittent data assimilation scheme performed with a T62 model with 28 vertical sigma levels and the operational statistical interpolation (SSI) procedure for assimilation. The first two climatologies were built from 6-hourly data from the ERA-40 and from the NCEP-NCAR and based on the conceptual model of COL developed by Nieto et al. 26 This approach uses geopotential, zonal wind, and daily temperature data from 200 and 300 hPa with a 2.5
• resolution. Those cut-off systems found north of lat 70
• N or south of lat 20
• N were not included in the study. The reason for excluding systems north of 70
• was in order to eliminate the main polar vortex, and the reason for excluding cut-off systems south of 20
• N was the small probability of their occurring, despite the fact that this could be physically meaningful as has been shown in previous climatologies. The time periods covered by the analyses varied, depending on the availability of data. While the ERA-40 data were only available from January 1958 to December 2002, the NCEP-NCAR data set extended from January 1948 to December 2006. The third climatology was developed using potential vorticity (PV) as the physical parameter of diagnosis, using as a basis the methodology developed by Wernli and Sprenger. 6 This analysis is applied only to the ERA-40 data set from the ECMWF covering the period from January 1958 to December 2002. The required fields (horizontal wind components, temperature, and geopotential) are available every 6 h on 60 vertical levels from the surface up to 10 hPa and were interpolated onto a regular grid with a 1
• horizontal resolution. Secondary fields, such as potential temperature and PV, were computed on the original hybrid model levels. Finally, the PV field was interpolated to a stack of isentropic levels from 300 to 350 K at 10 K intervals (see Fig. 11 for an illustrative example showing the heights at which these isentropic surfaces are located).
Climatology Based on the Conceptual Model
COLs are identified by means of three consecutive and restrictive steps that are based on the physical characteristics of the conceptual model of COLs described in section 2 and by Nieto et al. 26 (hereafter, NAL). The condition of a minimum of geopotential height field of 200 hPa and the isolation from the general circulation pattern of westerlies in the upper troposphere was the first imposed restriction used in considering a grid point as a part of a possible cut-off low. At each 6-h interval, a given grid point was therefore identified as a geopotential minimum if it is a minimum (within a 10 gpm threshold) with respect to at least six of the eight surrounding grid points. Once this set of COL points was chosen, we retained only the grid points that showed changes in the direction of the 200 hPa zonal wind at either of the two grid points situated immediately to the north of that grid point. The next required condition for a COL was that it should have a greater equivalent thickness (computed between two pressure levels, in this case 200 and 300 hPa) to the east of its central point than this value at its center. Finally, the grid point immediately to the east of a candidate COL point Figure 11 . Potential temperature (corresponding to isentropic surfaces) and tropopause (two-PVU isosurface) along the 50
• W meridian for January (left) and July (right). Of particular interest to this study are the isentropes between 300 and 350 K. The horizontal axis is the geographical latitude, the vertical axis the pressure (in hPa).
was required to have a TFP higher than that at the COL point in order to locate the frontal baroclinic zone. The temperature at 200 hPa was used to calculate the TFP in our analysis. If all these conditions were fulfilled, the analyzed grid point was considered to be a COL point. It should be noted that this algorithm is essentially identical to the one previously developed by NAL but makes use of 6-hourly data instead of one single daily value. Some other refinements were made to the NAL method in terms of the method of calculating the TFP, thus achieving better resolution in temperature gradients. Some of the COL points detected were probably the same COL observed over consecutive days. In NAL, several conditions were imposed to determine where the same COL had been identifed more than once, but in these climatologies the plots and statistics will be presented for all points that fitted the COL conditions outlined above. It should be noted that, unlike in NAL, systems that lasted only 1 day or less were not excluded from the analyses. With these additional steps, we are confident that both the COL databases derived from ERA-40 and NCEP-NCAR are now more precise and more extensive than those obtained in NAL, mostly because of the higher temporal resolution and the extended time period considered.
Case Study
The possibility of wrongly identifying a COL was minimized by imposing the consecutive and restrictive conditions described above, but the possibility nevertheless still existed of failing to identify systems that, in a subjective analysis, would have been considered as cut-off lows. Figure 12 summarizes the procedure imposed at each step for a real example of a cutoff low. The method identified a cut-off low on May 13, 1992 that lasted only 6 h. Subjective analysis might identify this COL as ending on May 15, 1992, but by applying our methodology, days after May 13, 1992 were not considered as cut-off low days because they did not fit all our imposed conditions, which must be satisfied simultaneously. In particular, the most restrictive conditions, concerning the minimum thickness and the TFP, were not satisfied. On May 13, 1992, 1200 UTC, a minimum of geopotential over the southern Italian Figure 12 . Cut-off low detected on 13 May 1992 at 12 UTC that met all the criteria imposed by the objective method. The box shows the COL point detected and the underlining grid point fits the imposed condition.
peninsula was detected at 200 hPa (left top panel of Fig. 12 ). The evolution of the COL at that moment corresponded with the upperlevel trough stage and the initial tear-off stage, but the circulation was already detached from the westerlies, as shown by the zonal wind patterns at 200 hPa (right top panel). The baroclinic boundary was detected to the east of the selected COL point (bottom panels). Only 6 h later, only two out of four conditions were fulfilled, which explained why this COL had a life span shorter than 1 day using our new climatology. Later, it will be shown that this COL nevertheless complied with the conditions imposed in the diagnosis of the PV.
Climatology
This section presents the two climatologies that were based on the conceptual model of COLs over the Northern Hemisphere (lat 20
• -70
• N). Figure 13 shows the seasonal frequency with which a cut off is found over a grid point using the ERA-40 data set (hereafter, ERANAL), and Figure 14 shows the equivalent results using the NCEP-NCAR data set (hereafter NCEPNAL). The gray scale refers to the percentage per 1000 (‰) of COL points over a grid point, counting all the hourly occurrences. This display differs significantly from those used in previous studies of spatial distribution, which showed only the frequencies of the first day of COL occurrence.
The most important finding is that the geographical distribution of COLs is very similar in both climatologies and is also coherent with what was obtained in NAL, with most of the cut-off lows being concentrated in three main areas. These areas are (1) southern Europe and the eastern Atlantic coast, including the Mediterranean and northern Africa, (2) the eastern North Pacific coast and northeast United States, and (3) the north ChinaSiberian region extending to the northwest Pacific coast.
Another significant outcome is that for both climatologies, the position of the COLs changes coherently from season to season. COLs are much more common in summer [June to August (JJA)] (lower left panel) than in winter [December to February (DJF)] (upper left). We calculate that 43% (41%) of these COLs take place during summer and 15% (17%) during winter, • × 2.5
• grid for winter, spring, summer, and autumn. The gray shading gives the percentage per thousand (‰) of time for which a grid point is part of a cut off.
using ERANAL (NCEPNAL). During summer, most COLs are found in a bipolar band with two centers for both climatologies, one spanning the middle North Atlantic to the Iberian peninsula and another centered over the eastern Mediterranean, reaching values with peaks around 6.5‰. The maximum of occurrence over the Atlantic area has a larger zonal extension for ERANAL than for NCEPNAL, with the former starting from the mid ocean and the latter starting near the Iberian peninsula. The bands detected over the western Pacific coast of China and over the eastern Pacific coast of North America have similar extensions in both climatologies, with a region of higher COL occurrence for ERANAL over the mid Pacific (>4‰). During winter the pattern is more similar between climatologies than during summer. For ERANAL the western Pacific coast of China is the area of higher occurrence, and COLs are more frequent over the northern Atlantic coast of North America than the eastern Pacific coast of North America. Comparing the three main regions, the eastern Pacific coast of North America is where COL occurrence is most unstable-limited to the Pacific coast during winter and then expanded and displaced westward during the remaining seasons. This is most probably because of the strong seasonal cycle that is imposed by the meridional displacement of the jet stream (the main production mechanism that is responsible for cut-off low formation) over the areas most prone to COL formation. Over the European region, the bipolar structure that is found in summer disappears during winter and COLs tend to occur toward lower latitudes than during summer. The spring and autumn seasons are characterized by a transitional structure pattern.
Climatology Based on Potential Vorticity
Stratospheric and tropospheric cut offs were identified using the following algorithm: (a) first, the PV on an isentropic surface is separated into parts with PV larger and smaller than 2 PVU; (b) based upon this distinction, a unique label is attributed to each connected patch of high (>2 PVU) and low (<2 PVU) PV air, resulting in a clustering of stratospheric and tropospheric air masses on that isentropic surface; (c) the largest patches of connected high and low PV air are discarded because they correspond to the stratospheric and tropospheric PV reservoirs, respectively; (d) the remaining patches are saved as stratospheric (for high PV) and tropospheric (for low PV) cut offs. Note that this algorithm is somewhat different from the one recently applied in Wernli and Sprenger 6 (hereafter WS). A minor difference applied in this study is in relation to an area threshold. If a connected tropospheric or stratospheric patch is smaller than 5 × 10 4 km 2 or larger than 1000 × 10 4 km 2 , it is discarded in this data set. The former criterion guarantees that minor and most probably spurious cut offs with a weak dynamic impact are neglected, whereas the latter criterion is a "security check" to ensure that a large part of the stratospheric (or tropospheric) reservoir has not split from the main body, which of course has nothing to do with the traditional view of cut offs.
As was the case in WS, a clear distinction between stratospheric cut offs and ephemeral diabatically produced PV anomalies is difficult to obtain and would require the computation of trajectories to check for PV conservation. However, such an analysis is computationally expensive and has been performed in the study reported herein. As will be shown later, it appears that at the lower isentropes considered, some of the PV cut offs identified do appear to be related to the surface topography. However, because of their stationary nature, they do not get mixed up with the real stratospheric cut offs. A simple, but rather rough, elimination of surface-induced cut offs is implemented in the new algorithm. All cut offs must be characterized by a minimum distance of 75 hPa from the COL grid point with the highest pressure value to the surface pressure, otherwise they are neglected in the climatology.
Case Study
In this section, the same case study of cut-off formation that was assessed previously (Fig. 12) is discussed, but this time within the framework of the PV-detecting approach. Figure 15 shows an isentropic PV (IPV) map on the 320 K isentrope. On May 13, 1992 , 0600 UTC, a narrow filament of high-PV air extended from Poland southwestward to Greece and southern Italy (left panel). While the northern stratospheric high-PV reservoir remains a compact body, the filament shows a tendency to cut off. This feature is clearly discernible in the narrowing of the filament to the west of the Black Sea. Indeed, 36 h later (right panel), the southernmost parts of the filament were completely decoupled from the stratospheric reservoir and showed as a distinct PV cut off. Since this was high-PV air of stratospheric origin, it is known as a stratospheric cut off. The wind vectors are also included in Figure 15 . In accordance with the invertibility and partitioning principles of the PV perspective, as summarized by Hoskins et al., 5 the stratospheric PV cut off is associated with a cyclonic wind field.
Although a clear indication of the stratospheric origin of the Mediterranean PV cut off is obtained from this Eulerian approach, especially if intermediate time steps are also considered, a Lagrangian approach reveals its northern source region even more clearly. To this end, air parcels within the stratospheric cut off (Fig. 15, right panel) were set as starting points for a backward trajectory calculation. Figure 16 shows the trajectories as calculated by ECMWF winds and by the 3D Lagrangian trajectory tool LAGRANTO 71 that involves the calculation of extensive coherent ensembles of trajectories with a 6-h time step. Trajectories emanating from the affected area are evaluated over the subsequent 72 h-a time period which includes a phase of upper-level PV isolation.
The air parcels moved in an almost zonal flow pattern over Scotland and Denmark, before turning southward. They quickly reached a location over Greece and were then "captured" in the cyclonic flow around the PV cut off. Finally, it is worthwhile considering the traditional view of this PV cut-off event, i.e., its manifestation as a closed contour of geopotential height. This is shown in Figure 17 where the geopotential height at 250 and 500 hPa is plotted for the two times shown in Figure 15 (May 13, 1992, 0600 UTC and May 14, 1992, 1800 UTC). For the first of these, a closed isoline of geopotential height at 250 hPa may be observed to the west of the Black Sea, showing the tearoff stage. This small-scale cut off coincides with the southern parts of the narrow PV filament in Figure 15 . At the lower level (500 hPa), no closed contours can be seen, which is indicative of the shallow vertical extent of the 250 hPa cut off in this stage prior to the cut-off phase. In sharp contrast to this, for the following day, closed isolines of geopotential height are found at all levels, from 250 hPa down to 500 hPa. Hence, during the cut-off stage, this COL is characterized by a significant vertical depth.
The above example clearly illustrates the following important features: (a) an upper-level PV cut off might be associated with a geopotential cut-off low; (b) the opposite is not necessarily the case, as for example the narrow PV filament (the stratospheric PV streamer) is also associated with a closed geopotential cut off, albeit at a smaller scale; and (c) a substantial upper-level PV cut off is associated with a geopotential cut off extending over a significant part of the troposphere (at least from 250 down to 500 hPa in this case). Considering the mismatch between the two methods, an obvious question arises in relation to the physical relevance of either definition. The physical meaning of geopotential cut offs was discussed in an earlier section. Here, some additional attention is given to the meaning of PV cut offs. One key aspect of PV theory is the invertibility principle. This states that the PV distribution in the interior of a domain is sufficient to derive the wind and temperature field in the domain, provided that some boundary conditions are specified and a suitable relationship between the geopotential height field and the wind field is assumed (this relationship is often referred to as the balance condition underlying the PV inversion). In this PV framework, it is relatively straightforward to show that a positive upperlevel PV anomaly (for instance, a stratospheric PV cut off) is associated with a cyclonic wind field and a decreased temperature below the anomaly. It is particularly important that the impact of the upper-level PV structure should not be restricted to these upper levels but induces wind and temperature anomalies below and above them as a consequence of the elliptical character of the PV inversion problem. Through this mechanism, a sufficiently strong upper-level PV cut off must coincide with some vertically coherent anomaly of horizontal wind and temperature. In summary, it is clear that a sufficiently strong upper-level PV cut off coincides with a geopotential cut off that extends over a significant part of the troposphere.
Climatology
We now present a climatology of stratospheric PV cut offs from 1958 to 2002. Figure 18 shows the seasonal distribution of frequencies of stratospheric PV cut offs. The most striking aspect is the clear deviation from zonal symmetry. During winter (upper left panel), most stratospheric PV cut offs are found in an almost zonal band that extends from the Azores to the eastern Mediterranean. Values of peak frequency in this band reach up to 4%. Further downstream, this band extends as far as the Pacific coast of China, although with a considerably reduced amplitude. A secondary maximum is discernible over the west coast of North America, extending westward to the eastern Pacific and eastward almost to the east coast. One possible explanation for this geographical distribution is linked to the North Pacific and Atlantic storm tracks. It is well known that the exit regions of these two storm tracks 6 are affected greatly by nonlinear distortions of the two-PVU isoline on an isentropic surface, i.e., by the breaking of Rossby waves. As shown in Figure 15 , the associated PV streamers quite often break up, forming stratospheric PV cut offs. It is worthwhile mentioning that the PV cut-off maxima are found slightly to the south of the main region that contains breaking Rossby waves. During spring (upper right panel), the geographical patterns remain essentially the same as in winter, with an intriguing third maximum appearing over Japan. Summer (lower left panel) is associated with the highest PV cut-off frequencies, with peak values of 8% very often being surpassed. Note also that the geographical pattern is much more zonally symmetric, being shifted significantly to the north compared to during winter. Given that the climatology is calculated on an isentropic surface (320 K in this case), the seasonal shift of the PV cut off simply reflects the seasonal shift of the isentropic surface (see also Figure 18 . ERA-40 (1958 ERA-40 ( -2002 climatology of stratospheric PV cut offs on the 320 K isentrope for winter, spring, summer, and autumn. The gray shading gives the percentage (%) of time for which a grid point is part of a PV cut off. Fig. 11) . Indeed, as a result of this seasonal shift, it is essential that other isentropic surfaces are considered, in order to obtain a comprehensive view of the distribution of cut-off formation. Finally, autumn (lower right panel) is again very similar to spring.
The stratospheric PV cut-off climatology on the 340 K surface is presented in Figure 19 in which it can be seen that the maxima are located further to the south (consider the intersection of the 2-PVU isoline with the 320 and 340 K isolines in Fig. 11 ). In addition to this southward shift, a westward shift of maxima can be seen relative to their equivalent positions for the 320 K surface. For instance, the spring maximum over the west coast of the United States (at 320 K) can now be found in the mid Pacific (at 340 K) and the autumn maximum over Europe and the Mediterranean (at 320 K) is now shifted to the mid Atlantic. It should also be noted that the summer distribution pattern on the 340 K surface is significantly different from the much more zonal pattern found on the 320 K surface. 
Comparison and Conclusions
Preliminary inspection of the two climatologies described in Section 4 shows good agreement in terms of their spatial distribution. A more rigorous comparison between these approaches can be obtained by plotting in a single figure the seasonal percentage of COLs detected in the areas of maximum COL occurrence (Fig. 20) . This analysis is limited to the common period of input data, i.e., January 1958-December 2002 and the common latitude band between 20
• N and 70
• N. The ERANAL (gray areas) and NCEPNAL (continuous black line) climatologies agree quite remarkably, with the few differences restricted to their extent; the main areas of occurrence, namely the European area, the Asian area, the North American Pacific, and Atlantic areas were detected equally using both data sets. The detection of these areas of main COL occurrence in the stratospheric WS climatology depends on the isentropic level under consideration. Several isentropic levels (310, 320, 330, Figure 20 . Comparison between seasonal COL climatologies. Gray areas are ERANAL climatology, the black line denotes NCAR-NCEP NAL climatology, and squares, asterisks, rhombuses, and dots mark the longitudinal axes of main areas of occurrence from WS climatologies at 310, 320, 330, and 340 K isentropic levels, respectively. and 340 K) were plotted using different symbols to indicate the longitudinal axes of main COL occurrence from the WS climatology. It should be noted that the plot accounts only for areas of occurrence without representing the actual frequency of COLs. Such fields have been shown before in Figures 12, 13 and 18, 19 . The very large differences in counts between these two approaches (almost an order of magnitude) is not from the actual number of individual COLs but results from the different approaches used in counting them. ERANAL and NCEPNAL (Figs. 12 and 13) represent a COL by a limited number of grid points that satisfy the four restrictive criteria imposed by the conceptual model, whereas the WS methodology attributes the same COL event to many more grid points surrounded by a PV line. In a typical event, therefore, we have only one or two grid points indicating a COL when applying the ERANAL and NCEPNAL methods, but we can easily obtain 10 or more grid points using WS.
Further comparison between areas of occurrence (Fig. 20) shows that the higher the latitude of the COL region, the lower the isentropic level that is appropriate for the comparison. In the Asian and North American Atlantic sectors, the main areas of COLs were commonly detected at 310 and 320 K, while in the European and the North American Pacific areas, COLs were detected using 330 and 340 K. This applies for all seasons with the exception of winter when COLs occurring at higher latitudes were identified on lower isentropes. So, during winter, COLs in the European and North American Pacific areas were detected at 310, 320, and 330 K. In summary, for each season and for different areas of COL occurrence, different isentropic levels must be used to obtain a good representation of the main areas of COL occurrence. Given that we used two levels (200 hPa and 300 hPa) to detect ERANAL and NCEPNAL, the possible potential temperature intervals, as shown in Figure 21 , were those between 310 and 350 K, depending on the different areas of occurrence and on the season. In general, the most appropriated isentropic levels to analyze each latitude band are: from 30
• N to 60
• N, 320 and 330 K; for latitudes lower than 40
• N, 340 K; and for latitudes higher than 40
• N, 310 K. Analysis of the seasonal cycle allows the comparison of the two approaches for COL identification. Most previous studies of COLs in the Northern Hemisphere agree that they are more frequent during the warm season, which is consistent with the relationship between COL development and the strength and meander of the jet stream. Figure 22 shows the seasonal distribution of COLs for the three climatologies described in this paper, using several isentropic levels for the WS climatology (310, 320, 330, 340, and 350 K). In this comparison, we use only one COL point to represent each hourly cut-off low (and not all the points that fit the conditions imposed by the methods). The well-known seasonal pattern (maximum during summer and minimum during winter) is shown in all the analyzed climatologies, with some slight differences in the amplitude of the seasonal cycle. The best agreement is obtained between ERANAL, NCEPNAL, and WS for the 320 K level. Of all the seasons, the best agreement occurs in winter and the worst in summer when higher relative differences are found between the two approaches. The agreement between the seasonal cycles is also present in the monthly distribution of occurrence (Fig. 23) , with a common maximum in July and common minima in December or January, and with a higher amplitude of the monthly cycle for the 340-K level than for the other climatologies.
The study reported herein reviews and expands previous multidecadal climatologies of cut-off low systems in the Northern Hemisphere. Cut-off lows were identified from data taken from the NCEP-NCAR and ERA-40 reanalyses, and the study makes use of two objective methods, one based on imposing the four main physical characteristics of the conceptual model of cut-off lows and the other based on an analysis of IPV. The application of the algorithms to the extended data sets improves our ability to perform more accurate studies of the seasonal and interannual variability of these systems. Comparison between the results derived from the two approaches shows that, in general terms, the agreement between the methods is good for extratropical areas. Apparent differences in the percentage time for which a grid point is part of a cut off is only a result of the particular method for counting the grid points that form a COL. For the COL data sets based on the conceptual model, the number of COL points detected is one order of magnitude lower than for the COL data set based on PV. The same COL could be represented by only a few very significant grid points for the approach based on the conceptual model or by many points for approaches based on PV, as the PV approach accounts for an area surrounded by a PV contour. That there is a different counting methodology does not have an influence on the main aspects of the climatology, such as the geographical distribution of COLs and their seasonal and monthly variability. In summary, the comparison between the climatologies reinforces the view that the conceptual model is well represented by the objective analysis technique developed by Nieto et al. 26 and that the climatology based on IPV analysis by Wernli and Sprenger 6 is in fairly close agreement. The two methodologies are complementary and each contributes to a better characterization of the physical properties of COLs.
